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We use a magnetothermal resistance method to measure the lattice thermal conductivity of a single crystal of Bi2Te3 
from 5 to 60 K. We apply a large transverse magnetic field to suppress the electronic thermal conduction while 
measuring thermal conductivity and electrical resistivity. The lattice thermal conductivity is then calculated by 
extrapolating the thermal conductivity versus electrical conductivity curve to a zero electrical conductivity value. Our 
results show that the measured phonon thermal conductivity follows the 𝑒Δ𝑚𝑚𝑚 𝑇⁄  temperature dependence and the 
Lorenz ratio corresponds to the modified Sommerfeld value in the intermediate temperature range. Our 
low-temperature experimental data and analysis on Bi2Te3 are an important compliment to previous measurements of 
Goldsmid [14] and theoretical calculations by Broido et al. [21] at higher temperature 100 - 300 K. 
 
I. Introduction 
 
For most materials at low temperatures their thermal 
transport 𝜅𝑡𝑡𝑡 involves two types of carriers: one (𝜅𝑒) is 
the electron (or hole) contribution which conducts both 
charge and heat, and the other (𝜅𝑝ℎ) is the phonon (or 
equivalently lattice) contribution which only conducts 
heat; normally it is not easy to separate 𝜅𝑒 or 𝜅𝑝ℎ from 
𝜅𝑡𝑡𝑡. 
1-3 In our previous work, we successfully applied 
the magneto-thermal resistance (MTR) method to three 
different single crystal metals (Al, Cu, and Zn) by 
suppressing 𝜅𝑒 in a strong magnetic field and extracted 
𝜅𝑝ℎ  from the extrapolation. 
4 Unlike metals, which 
reveal an electron dominant thermal transport (𝜅𝑒 ≫
𝜅𝑝ℎ ), semiconductors and semimetals are completely 
different where these two components are comparable 
(𝜅𝑝ℎ~𝜅𝑒) or even phonon dominant (𝜅𝑝ℎ > 𝜅𝑒). 3, 6 As a 
result, it is germane to verify the MTR method on 
materials over than metals, such as single crystal 
semiconductors, in the same temperature range, of which 
the thermal transport are usually phonon dominant. 
Today, many thermoelectric (TE) materials utilize a 
nanocomposite structure and are nearly impossible to 
model using fully first principles calculation approaches 
because of their nearly random matrix structure. Here we 
explore a single crystal of Bi2Te3 in order to encourage 
theoretical modeling of this and other TE materials. 
Using our method, we can extract lattice thermal 
conductivity as opposed to total thermal conductivity, 
and our results could be directly compared to first 
principle calculations.4  
 
When applying the MTR method, there are several 
important quantities for describing the transport process. 
The deflecting angle 𝛾 is defined as the deviation of an 
electron away from its previous linear motion under the 
influence of an applied magnetic field between two 
consecutive collisions and is used to identify the strength 
of the field 5 
𝛾 ≡ 𝜔𝑐𝜏 = 𝜇𝜇 = 𝜎0𝜇𝑛𝑒  
(1) 
where 𝜔𝑐  is the cyclotron frequency, 𝜏  is the 
relaxation time, 𝜇 is the mobility, 𝜇 is the magnetic 
induction strength, 𝜎0  is the zero field electrical 
conductivity, 𝑛 is the carrier concentration, and 𝑒 is 
the elementary charge. When 𝛾 = 𝜇𝜇~1, a significant 
suppression of the electronic conduction can be observed. 
3, 5 Here we define a threshold field 𝜇𝑡ℎ = 1 𝜇�  as the 
inverse of the mobility to represent the field one needs to 
see the suppression, which depends on the temperature 
and this threshold field decreases when temperature is 
reduced. In our previous paper, we found that when 
𝑇 < 50 K the threshold field 𝜇𝑡ℎ becomes smaller than 
our maximum applied field (10 T) for metals. As 
semiconductors usually have larger mobilities than 
metals, it is easier to observe the suppression of 
electronic conduction for semiconductors, e.g. our Bi2Te3 
single crystal. 4 
 
In zero magnetic field the Lorenz ratio is defined as, 
𝐿 ≡
𝜅𝑒
𝜎0𝑇
 
(2) 
where 𝜅𝑒  is the electrical thermal conductivity, 𝜎0 is 
the electrical conductivity, and 𝑇  is the absolute 
temperature, all the quantities are measured in zero field. 
In practice the Lorenz ratio is used to estimate the 
electronic contribution to the total thermal conductivity 
from the electrical resistivity measurements. 7-10 The 
standard value of the Lorenz ratio is the Sommerfeld 
value 𝐿0 = 𝜋23 �𝑘𝐵𝑒 �2 = 2.443 × 10−8  V2 K2⁄ . This is 
the Wiedemann-Franz law and it is valid for metals at 
high temperatures and when neglecting the 
thermoelectric term. 1 However, for semiconductors or 
typical TE materials such as Bi2Te3, or Bi2Se3 where the 
Seebeck coefficients are on the order of 100 µV/K at 
room temperature, the relation between the Lorenz ratio 
and its Sommerfeld value needs to be modified to 
include the thermoelectric term as 1 
𝐿 + 𝑆2 = 𝐿0 
(3) 
Although several results have been reported in the 
literature using magnetic field to suppress electronic 
conduction, 6, 11 the applied fields were insufficient to 
achieve the threshold field 𝜇𝑡ℎ throughout the 
experimental temperature range. It is possible to choose 
both a temperature range and applied magnetic field for a 
particular material that allows for complete suppression. 
For our experiments, we use a Physical Properties 
Measurement System (PPMS) from Quantum Design 
and are able to control the magnetic field and the 
temperature simultaneously so that the applied magnetic 
field is sufficient to produce the necessary threshold field 
𝜇𝑡ℎ  throughout the entire experimental temperature 
range (5 ~ 60 K). Under these conditions we are able to 
indirectly measure the phonon thermal conductivity with 
a virtual suppression of electronic thermal conductivity. 
 
 
II. Experimental Details 
 
Our samples are taken from a large p-type stoichiometric 
single crystal Bi2Te3 (001) grown by the Bridgman 
method and was determined to have a residual resistance 
ratio (RRR, defined by 𝜌300K 𝜌2K⁄ ) of ~30. The crystal 
structure (001) was confirmed by X-ray diffraction using 
a Bruker D2 PHASER. Specimens are cut into typical 
dimensions of 1 × 3.5 × 10 mm3 . Because silver can 
migrate into bismuth compounds, silver paint or epoxy 
were not used to make electrical/thermal contacts to the 
sample. 17-19 Due to the laminar structure of Bi2Te3 and 
the thickness of our specimen, soldering to sputtered 
metallic contacts on the surface of our samples was not 
considered sufficient for thermal contacts in our 
measurements. As a result we built four miniature brass 
compression clamps with 1 mm screws to hold the 
sample for thermal transport measurements (𝜅𝑡𝑡𝑡 and 𝑆). 
To ensure thermal contact between the brass clamp and 
sample indium dots were pressed between the clamp and 
the sample. Gold coated OFHC copper flat wires, 
supplied by Quantum Design, were soldered onto the 
brass clamps and then attached to the TTO puck. 
Electrical contacts for resistivity and Hall measurements 
(𝜌𝑥𝑥 and 𝜌𝑦𝑥) were made by pressing indium dots onto 
the sample. A standard 4-probe method was applied for 
all of electrical conductivity measurements. 
 
Thermal conductivity and Seebeck coefficient 
measurements were performed using the thermal 
transport option (TTO) of the Quantum Design PPMS. 
The sample is placed in a transverse orientation where 
the heat flow is perpendicular to the magnetic field, 
which was oriented along the c-axis of Bi2Te3 single 
crystal. When performing the experiments, we first set 
the magnetic field and scan the temperature from 60 K to 
5 K at a rate of 0.5 K/min. The field is then set to a 
different fixed value and the conductivity measurement 
is repeated while increasing the temperature from 5 - 60 
K. Thermal conductivity data was taken across the 
temperature region in integer values of magnetic field 
from 0 T to 9 T. A similar sequence is used for the 
electrical resistivity and Hall measurements using an 
LR-700 AC resistance bridge from Linear Research Inc., 
where the temperature was fixed and the magnetic field 
was scanned. For these measurements, our sample was 
mounted with the same orientation to the field used in 
the thermal transport measurements. Propagated 
measurement errors are calculated from the standard 
deviation and determined to be 3% for 𝜅, 6% for 𝑆, 
0.5% for 𝜌, and derived to be 0.7% for 𝜎, 3% for 𝜅𝑝ℎ, 
and 18% for the Lorenz ratio. 
 
 
III. Magneto-transport Measurements 
and Analysis 
 
Resistance in zero magnetic field can be considered as a 
scalar quantity and the reciprocal of electrical resistivity 
𝜌𝑥𝑥  is electrical conductivity 𝜎𝑥𝑥 . However, when 
applying magnetic field to a material and measuring its 
resistance, the transport coefficients are no longer scalars 
but considered as tensor quantities, as such 𝜎𝑥𝑥 ≠ 1 𝜌𝑥𝑥⁄ . 
Similar to our previous work of magneto-resistance 
measurements on single crystal metals 4, the transport 
coefficients of Bi2Te3 need to be considered as tensor 
quantities. While it is difficult to measure the Hall 
resistance of single crystal metals because of their low 
resistivity, it is possible to measure the Hall resistance of 
semiconductors such as Bi2Te3. Hall measurements can 
be performed here due to their particular combination of 
carrier concentration and mobility. Therefore, by 
measuring resistivity under field and the electrical 
conductivity component 𝜎𝑥𝑥 can be calculated by using 
the following formula: 5, 12, 13 
𝜎𝑥𝑥 = 𝜌𝑥𝑥𝜌𝑥𝑥2 + 𝜌𝑦𝑥2  
(4) 
where 𝜌𝑥𝑥 and 𝜌𝑦𝑥 are the normal electrical resistivity 
and the Hall resistivity, respectively. In order to extract 
phonon thermal conductivity 𝜅𝑝ℎ from the total thermal 
conductivity 𝜅𝑡𝑡𝑡, one needs to plot 𝜅𝑥𝑥 vs. 𝜎𝑥𝑥 and 
extrapolate to the intercept to obtain 𝜅𝑝ℎ . When 
extrapolating from the 𝜅𝑥𝑥~𝜎𝑥𝑥  curve to determine 
𝜅𝑝ℎ, the following formula is used 
4 
𝜅𝑡𝑡𝑡(𝜎) = 𝜅𝑝ℎ + 𝜅0 − 𝜅𝑝ℎ1 + 𝜆2 �𝜎0𝜎 − 1� 
(5) 
where 𝜅𝑡𝑡𝑡  and 𝜎  are the measured values of total 
thermal conductivity and the derived values of electrical 
conductivity according to eqn. (4); 𝜅0 and 𝜎0 are the 
above values in zero field; 𝜅𝑝ℎ is one of the two fitting 
parameters representing the phonon thermal conductivity, 
while 𝜆 is the other fitting parameter representing the 
ratio between the thermal and drift mobilities. If 𝜆 = 1 
then 𝜅𝑡𝑡𝑡  and 𝜎  are linearly related, which can be 
observed at high temperature, 3 however, in general this 
condition is not valid. 
 
Fig. 1 shows the total thermal conductivity and Seebeck 
coefficient measurements in zero field, as well as the 
extracted carrier concentration from 5 K through 300 K. 
In Fig. 1(a) we also include the results from Goldsmid’s 
experiments 14 and Broido et al.’s first principle 
calculations 21 on Bi2Te3 through the temperature of 
100-300 K. The data points show they coincide with 
each other very well, and our data below 100 K cover the 
range that is not covered and show that our data tend to 
theirs. In Fig. 1(b) the Seebeck curve shows a linear 
relationship with temperature below 250 K, while the 
calculated carrier concentration maintains nearly 
constant above 200 K. 
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FIG. 1: 1(a) Here we compare our thermal 
conductivity data (red open circles), Goldsmid’s 
experimental data (blue stars, from ref. 14) and the 
calculation of phonon thermal conductivity from 
Broido et al. (black dashed line, from ref. 21). 1(b) 
Our Seebeck coefficient data (black downward 
triangles) are shown with the carrier concentration 
(green upward triangles) extracted for 5 - 300 K. The 
carrier concentration is calculated from the Hall 
measurements following the Drude model. 
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FIG. 2: Thermal conductivity 2(a) and electrical 
resistivity 2(b) are plotted against temperature 
between 5 K and 60 K in different magnetic fields. 
The error bars for thermal conductivity data are 
~3% and resistivity error bars are ~0.5% both appear 
smaller than the data symbols. The inset for 2(b) 
illustrates the magnetoresistance of Bi2Te3 up to room 
temperature where the difference in 
magnetoresistance remains approximately constant in 
0 T and 9 T. 
 
Fig. 2 shows the temperature dependent behavior of the 
total thermal conductivity and electrical resistivity under 
various applied magnetic fields. Due to the low carrier 
concentration as compared with metals and the high 
mobility of holes, the effects of the magnetoresistance 
are easily observed even at room temperature, see Fig 
2(b) inset. On the contrary, the thermal conductivity is 
not significantly suppressed even when the threshold 
field 𝜇𝑡ℎ  is much smaller than the applied magnetic 
field. The cause of this behavior lies in phonon 
dominance of the thermal transport of the single crystal 
Bi2Te3. When comparing TE nanocomposite materials 
with the single crystals, the latter have fewer impurities 
and defects and as a result only a small portion of the 
phonons are scattered during the transport process. 
 
0 3 6 9 12
34.0
34.5
35.0
35.5
0 1 2 3 4 5
5.2
5.4
5.6
5.8
6.0
Bi2Te3 (001) Single Crystal10 K
 xx
 (W
/(m
0K
))
 data
 fitted curve
(a)
60 K
 xx
 (W
/(m
0K
))
xx (10
5 S/m)
0 kOe
90 kOe
(b)
 
FIG. 3: Total thermal conductivity is plotted against 
electrical conductivity at 10 K and 60 K. The red 
fitted curve is calculated according to eqn. (5). 
 
In order to extract 𝜅𝑝ℎ from 𝜅𝑡𝑡𝑡, one needs to plot the 
measured thermal conductivity vs. the calculated 
electrical conductivity curve for a specific temperature. 
Fig. 3 shows a set of 𝜅𝑡𝑡𝑡~𝜎 curves at 10 K and 60 K 
from which we can extrapolate the 𝜅𝑝ℎ from 𝜅𝑡𝑡𝑡. As 
shown in the literature 3 𝜅𝑥𝑥  and 𝜎𝑥𝑥  have a linear 
relationship at higher temperatures because the ratio of 
thermal mobility 𝜇𝑡 and drift mobility 𝜇𝑑 approaches 
unity. This linearity is verified by our 60 K Bi2Te3 data 
shown in Fig. 3(b). We note that the 10 K data in Fig. 
3(a) is non-linear but eqn. (5) can be used to fit the data 
over the range of electrical conductivity. The intercept 
from the extrapolation to zero electrical conductivity 
corresponds to the pure phonon thermal conductivity 
𝜅𝑝ℎ, which is assumed to be field independent and is a 
condition of our analysis. In this sense we able to 
separate the electronic and phonon thermal transport by 
applying a sufficiently high magnetic field across our 
experimental temperature range. 
 
In Fig. 4(a) the phonon thermal conductivity 𝜅𝑝ℎ and 
total thermal conductivity at zero field 𝜅𝑡𝑡𝑡(0 kOe) are 
plotted together. The upper right inset shows the 
proportion of phonon thermal conductivity to the total 
thermal conductivity, as we see for most temperature 
points the ratio is above 90% (indicating that the 
specimen is of high quality with few impurities and 
defects), only at the lowest temperature the ratio goes 
down. This trend is also easily understood from the 
behavior of heat capacity of phonons and electrons, since 
at low temperatures 𝜅𝑝ℎ~𝑇3 while 𝜅𝑒~𝑇. Therefore as 
a result 𝜅𝑝ℎ  drops more quickly than 𝜅𝑒  in the low 
temperature range and its ratio to the total thermal 
conductivity decreases. 
 
The dimensionless Lorenz ratio, defined as 𝐿 𝐿0⁄ , is 
shown in Fig. 4(b). The smooth dark cyan curve models 
the modified Sommerfeld value according to eqn. (3) 
considering our Seebeck coefficient and thermoelectric 
effect data. The thickness of the smooth cyan curve 
indicates the error boundary spread due to the 
uncertainty from our Seebeck coefficient measurements. 
The upper right inset to Fig. 4(b) shows a more detailed 
data comparison between 20 K and 60 K within this 
temperature range and the experiment demonstrates a 
high correlation between our data and the modified 
Wiedemann-Franz law. The only inconsistency happens 
at 10 K, with its value going beyond unity (see further 
discussion in Sect. IV). 
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FIG. 4: Phonon thermal conductivity 4(a) and 
dimensionless Lorenz ratio 4(b) are plotted against 
temperature. 𝟏 − 𝑺𝟐 𝑳𝟎⁄  is the modified Sommerfeld 
value according to eqn. (3). The inset to 4(a) shows 
the ratio 𝜿𝒑𝒑 𝜿𝒕𝒕𝒕(𝟎 𝐤𝐤𝐤)⁄  across the same 
temperature range.  The inset to 4(b) highlights the 
calculations from our data 𝑳 𝑳𝟎⁄  and the modified 
W-F law from 𝟐𝟎 𝐊 ≤ 𝑻 ≤ 𝟔𝟎 𝐊. 
 
 
IV. Discussion 
 
In Fig. 4 we see in the temperature range 20 - 60 K the 
Lorenz ratio is very close to its standard Sommerfeld 
value if the thermoelectric effect is considered, 
suggesting for our Bi2Te3 single crystal the 
Wiedemann-Franz law is satisfied. Thus across this 
temperature range, the relaxation time of electrons in the 
thermal process deviates little from the relaxation time in 
the electrical process. This results from scattering and 
depends on the impurity concentration expressed in the 
measured RRR of ~30 for our Bi2Te3 single crystal. We 
note that for single crystal metals with a RRR one order 
of magnitude higher than found for this semiconductor, 
the Lorenz ratio can differ significantly as shown in our 
previous paper. 4 
 
However, at 10 K our calculated Lorenz ratio deviates 
significantly from the expected Sommerfeld value. One 
explanation for this sudden increase in the Lorenz ratio is 
the laminar structure of Bi2Te3 single crystal. Normally 
due to the scattering process, the mean free path of the 
electrons is smaller than the layer distance of Bi2Te3 
sheets; as a result the specimen behaves as a 
3-dimensional bulk material. However, as 𝑇 → 0 K, the 
mean free path of electrons becomes greater than the 
layer distance, while the electrons are restricted to the 
2-dimensional structure. This regime transformation may 
result in a different Lorenz ratio from the 
Wiedemann-Franz law. Consistent with our results a 
notable violation of the Wiedemann-Franz law has been 
observed by Wakeham et al. 20 for Li0.9Mo6O17 for 
𝑇 < 20 K in the one dimensional case. However, more 
low-temperature investigations on quasi 1-D and 2-D 
materials are needed to confirm these findings. Finally, 
in the literature it is reported that Bi2Te3 single crystals 
may have a dimensionless Lorenz ratio much larger than 
unity, 14-16 however, those abnormalities are due to the 
bipolar contributions and the emerging temperature is 
quite different from and much higher than ours. We note 
the carrier concentration in Fig. 1(b) increases steadily 
with rising temperature suggesting that there is no 
bipolar contribution in our experimental regime (5 - 60 
K). Using the estimation of effective mass given by 
Harman et al., 22 we calculate the Fermi level to be 95 – 
125 meV inside the valence band throughout the whole 
temperature range (5 – 300 K). 
 
In order to extrapolate 𝜅𝑝ℎ and utilize eqn. (5) with a 
high degree of precision, the data points must be in close 
proximity to the intercept, see Fig. 3. Fortunately for our 
Bi2Te3 samples the threshold field is already achieved 
even at room temperature and as a result the 90 kOe data 
point is close to the intercept for both the 10 K and 60 K 
figures. The proximity of these data points to the 
intercept guarantees the reliability of our extrapolation. 
 
The temperature behavior of 𝜅𝑝ℎ  depends on the 
underlying scattering mechanism. In our Bi2Te3 single 
crystals the thermal transport is dominated by the 
phonons and we can consider three distinct temperature 
regions that effect scattering. In the first temperature 
region one considers the phonon-phonon scattering of 
the Umklapp process at high temperatures (𝑇 ≫ Θ𝐷 ) 
where we note a 𝑇−1 behavior. In the second region or 
intermediate (𝑇~Θ𝐷 ) temperature range we have a 
𝑒Δ𝑚𝑚𝑚 𝑇⁄  dependence for the same phonon-phonon 
scattering. 1 And finally we have a 𝑇3 dependence due 
to the heat capacity of phonons at low temperatures 
(𝑇 ≪ Θ𝐷) and this results in a peak in the 𝜅𝑝ℎ~𝑇 curve 
at ~10 K for our Bi2Te3 single crystal. 
 
Fig. 5 shows the 𝜅𝑝ℎ~𝑇 curve in a log-log scale, we 
note that at lowest temperatures the curve deviates from 
the 𝑇3 power law behavior. This deviation results from 
the temperature limit of our data to 5 K. If it were 
possible to measure 𝜅𝑡𝑡𝑡   from 1 - 5 K then likely the 
𝑇3  law would be verified. (The effective limit of 
thermal conductivity measurements with the QD-PPMS 
is 5 K.) After all, compared with our data on single 
crystal metals, 4 the peak temperature of 𝜅𝑝ℎ of Bi2Te3 
is much lower. In the higher temperature regime 𝜅𝑝ℎ 
begins to follow the 𝑒Δ𝑚𝑚𝑚 𝑇⁄  temperature dependence, 
as shown in Fig. 5. 
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FIG. 5: Phonon thermal conductivity of Bi2Te3 single 
crystal is plotted against temperature with a log-log 
scale. The two dashed lines are guides to the eye 
showing different temperature dependences. 
 
The size of the threshold field 𝜇𝑡ℎ takes on a key role in 
the MTR method when attempting to suppress electronic 
thermal conductivity behavior. If the applied field is 
smaller than the threshold field over a particular 
temperature range, then the suppression is not sufficient 
to extrapolate a 𝜅𝑝ℎ value. To achieve suppression, a 
specimen of high mobility is required, which implies that 
the RRR of the sample cannot be small. In a parallel 
study we used the MTR method on a Bi2Se3 single 
crystal with a RRR of only ~2 compared to RRR of ~30 
for Bi2Te3. The Bi2Se3 single crystal has a very low 
mobility compared to the Bi2Te3 (~10 %), and thus the 
threshold field is never reached even at the lowest 
temperature. As a result we determined that this Bi2Se3 
sample with a RRR ~2 was not a viable candidate to 
apply the MTR method. 
 
Generally, semiconductors exhibit larger Hall resistance 
than found in pure metals and their electrical 
conductivity can be calculated by eqn. (4). We note that 
the electrical resistivity 𝜌𝑥𝑥 always increases, see Fig. 2, 
when temperature goes up no matter what the magnetic 
field applied, however, the electrical conductivity 𝜎𝑥𝑥 
in Fig. 6 does not always decrease. Normally, we would 
expect 𝜎𝑥𝑥  to decrease with temperature while 𝜌𝑥𝑥 
increases with temperature. However, in Fig. 6 we 
observe a crossover behavior in the 𝜎𝑥𝑥~𝜇 curves at 
about 27.5 kOe such that as temperature increases both 
𝜎𝑥𝑥 and 𝜌𝑥𝑥 increase in a uniform fashion. This results 
from a large Hall resistance in our Bi2Te3 sample and 
indicates that the cyclotron frequency, 𝜔𝑐, of the Landau 
levels due to the field becomes larger than the collision 
frequency 1 𝜏�  as the crossover emerges. 
 
0 2 4 6 8 10
0
2
4
6
8
10
12
 x
x (
10
5  S
/m
)
0T (10 kOe)
 60 K     55 K
 50 K     45 K
 40 K     35 K
 30 K     25 K
 20 K     15 K
 10 K     5 K
Bi2Te3 (001) Single Crystal5 K
60 K crossover
 
FIG. 6: Transverse electrical conductivity is plotted 
against applied magnetic field at different 
temperatures. A crossover is observed around 27.5 
kOe. 
 
 
V. Conclusions 
 
In this study, the phonon thermal conductivity and 
Lorenz ratio of a Bi2Te3 single crystal are extracted from 
the total thermal conductivity using the magnetothermal 
resistance (MTR) method. We demonstrate 
experimentally that the phonon thermal conductivity for 
Bi2Te3 follows the 𝑒Δ𝑚𝑚𝑚 𝑇⁄  temperature dependence 
over the intermediate temperature range. We note the 
sudden rise in the 𝐿 𝐿0⁄  ratio at 10 K (see Fig. 4) seems 
to violate the W-F law. We propose that this apparent 
violation of the W-F law is related to the reduced 
dimensionality considerations of this material as 
𝑡 → 0 K. The Lorenz ratios at other temperatures obey 
the modified Wiedemann-Franz law very well. These 
results suggest that a comparison with a first principle 
calculation in this temperature range may be helpful to 
understand the physics of this and other similar 
thermoelectric materials. 
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